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(54) Mirror projection system for oblique projection 

(57) A projection optical syslenn includes an optical 
nnodulation unit which outputs modulated light for dis- 
playing an image, an optical scanning unit on which the 
modulated light output from the optical modulation unit 
is incident, the optical scanning unit scanning the light 
from the optical modulation unit to obtain a two-dimen- 
sional image, and a plurality of curved reflecting surfac- 
es on which the light scanned by the optical scanning 
means is sequentially incident, the plurality of curved 
reflecting surfaces sequentially reflecting the light 
scanned by the optical scanning means and projecting 
the light on a projected surface, wherein when an optical 
path of a ray connecting a center of a pupil of the pro- 
jection optical system and a center of a projected image 
is set as a reference axis, the reference axis is inclined 
with respect to a normal to the projected surface. 



FIG. 2 
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Description 

[0001] The present invention relates to a projection optical systenrj for obliquely projecting a two-dimensional image 
formed by scanning light from a light source and an optical system suitable for oblique projection or oblique image 
5 pickup. 

Description of the Related Art 

[0002] As a projection optical system used for a forward projection type projector, a projection optical system capable 
10 of obliquely projecting an Image on a screen to shorten the distance between the screen and an apparatus has been 

proposed. 

[0003] Fig. 13 shows a projector disclosed in Japanese Patent Application Lald-Open No. 5-100312. Referring to 
Fig. 13, this projector includes an illumination light source L and a light valve LV using a reflection dot matrix liquid 
crystal device or the like. A projection optical system enlarges and projects an image formed on the light valve LV onto 
IS a screen S. In this projector, a wide-angle lens having a large field angle is used as a projection optical system, the 
light valve LV and screen S are so arranged to be shifted with respect to the optical axis of the projection optical system, 
and projection is perfonned by using an end portion of the field angle, thereby forming an oblique projection optical 
system. 

[0004] Fig. 14 shows the projector disclosed in Japanese Patent Application Laid-Open No. 5-08041 8. Referring to 
20 Fig. 14, this projector includes an illumination light source L and a light valve LV using a transmission or reflection dot 
matrix liquid crystal device or the like. The first projection optical system forms an intermediate image of an image 
formed on the light valve LV. The second projection optical system enlarges and projects this intermediate image on 
a screen S. In this projector, the first and second projection optical systems are inclined with respect to the optical axis 
to perform oblique projection on the screen S. 
25 [0005] In addition, International Publication No. WO97/01 787 discloses a projection optical system constituted by a 
plurality of reflecting surfaces. 

[0006] Japanese Patent Application Laid-Open No. 9-5650 discloses a design method for a decentered optical sys- 
tem and a method of calculating a paraxial quantity such as a focal length. In addition, Japanese Patent Application 
Laid-Open Nos. 8-292371 , 8-292372, and 9-222561 disclose design methods for such optical systems. It has become 

50 clear from these design examples that an optical system whose aberration is sufficiently corrected can be formed by 
introducing the concept of a reference axis and forming a constituent surface using an asymmetrical spherical surface. 
[0007] Such a decentered optical system is called an off -axial optical system. Considering a reference axis extending 
along a ray passing through an image center and pupil center, this optical system is defined as an optical system 
including a curved surface (off-axial curved surface) which is designed such that the nonnal to the constituent surface 

35 at the intersection between the surface and the reference axis does not exist on the reference axis. The reference axis 
has a bent shape. 

[0008] In this off-axial optical system, the constituent surface becomes decentered. and no vignetting occurs on the 
reflecting surfaces, thus facilitating the construction of an optical system using reflecting surfaces. In addition, an in- 
tennediate image is formed in the optical system. This makes It possible to form a compact optical system with a large 
40 field angle. 

[0009] Although this optical system is a front stop optical system, optical paths can be routed relatively freely. This 
makes it possible to fomi a compact optical system. 

[0010] In addition, Japanese Patent Application Laid-Open No. 6-295159 discloses an apparatus which displays an 
image by two-dimension ally scanning a laser beam with a rotating polyhedral mirror. In this case, distortion can be 

45 corrected by setting the timing of intensity modulation of a laser beam to a proper value, i.e., electrical correction. 

[0011] As disclosed In Japanese Patent Application Laid-Open No. 5-100312, in the projection optical system in 
which the light valve and screen are shifted from the optical axis, although the field angle to be used is 62, a large lens 
system with a large field angle which covers a considerably large field angle (61) Is required, as shown in Fig. 15. 
[0012] When an optical axis A extends to the center of the screen S as shown in Fig. 1 6, an image is not formed on 

50 the screen S in a general lens system but Is fomned on a plane S' perpendicular to the optical axis. In this case, the 
image undergoes trapezoidal distortion. As a result, the image falls out of focus on the screen S in the vertical direction. 
[0013] In orderto correct the inclination of this image plane, the difference between an optical path L1 of a ray passing 
through an upper portion of the screen S and an optical path L2 of a ray passing through a lower portion of the screen 
S must be canceled out. In correcting this different, if correction can be made near the imaging plane, since the differ- 

55 ence between the optical paths LI and L2 is reduced, the correction amount can be reduced. If, however, correction 
is made on an optical pane on the screen side where the image is enlarged, the difference between the optical paths 
L1 and L2 directly affects the correction. 

[0014] In the optical system disclosed in Japanese Patent Application Laid-Open No. 5-8041 8, since the lens system 
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is simply tilted, it is difficult to incline an image plane sufficiently. In addition, if the tilt annount of the lens system is 
excessively large, It is difficult to ensure high optical performance. 

[0015] In the optical system disclosed in International Publication No. WO97/01 787, one reflecting surface increases 
in size, resulting in difficulty in manufacturing the optical system with high precision. 
5 [0016] As disclosed in Japanese Patent Application Laid-Open No. 6-295159, In the method of displaying an Image 
by scanning a point light source or one-dimensional image display element with a rotating polyhedral mirror or galvano 
mirror, distortion may not satisfactorily be corrected by electrical correction alone. In this case, optical correction is 
required. 

[0017] The present invention has been made in consideration of the above situation, and has as its object to provide 
10 an oblique projection or incidence type optical system which may attain a reduction In size and may have little distortion. 
[0018] A projection optical system according to an embodiment of the present invention includes an optical modu- 
lation unit which outputs modulated light for displaying an Image, an optical scanning unit which scans the light from 
the optical modulation unit to obtain a two-dimensional image, and a plurality of curved reflecting surfaces by which 
the light scanned by the optical scanning unit is reflected to be projected on a projected surface. A reference axis 
15 connecting the center of the pupil of the projection optical system and the center of the projected image Is Inclined with 
respect to the normal to the projected surface. 

[0019] Another embodiment oT the present Invention is an optical system which makes two planes at different dis- 
tances have an optically conjugate relationship by using a curved reflecting surface. The light reflected by the curved 
reflecting surface of this optical system is scanned on an image area, which extends in a predetermined direction, in 
20 a direction perpendicular to the predetermined direction to become a two-dimensional image. The optical system is 
made to have an f .tanG characteristic in the predetermined direction as a whole, and have an f-e lens characteristic or 
arc sine lens characteristic In a direction perpendicular to the predetermined direction. 

[0020] A number of embodiments of the invention will now be described, by way of example only, with reference to 
the accompanying figures in which: 

25 

Fig. 1 is a view showing the arrangement of an image projection apparatus according to the first embodiment of 
the present Invention; 

Fig. 2 is an enlarged view of a projection optical system used in the image projection apparatus according to the . 
first embodiment; 

30 Fig. 3 is a view showing the sizes of spots on a screen which are projected by the image projection apparatus - 

according to the first embodiment; 

Fig. 4 is a view showing distortion in the projection optical system according to the first embodiment; 

Fig. 5 is a view showing the arrangement of an image projection apparatus according to the second embodiment • 

of the present invention; 

35 Fig. 6 is an enlarged view of a projection optical system used In the image projection apparatus according to the 

second embodiment; 

Fig. 7 is a view showing the sizes of spots on a screen which are projected by the image projection apparatus 
according to the second embodiment; 

Fig. 8 is a view showing distortion in the projection optical system according to the second embodiment; 
40 Fig. 9 is a view showing the arrangement of an image projection apparatus according to the third embodiment of 

the present invention; 

Fig. 1 0 is an enlarged view of a projection optical system used In the image projection apparatus according to the 
third embodiment; 

Fig. 11 Is a view showing the sizes of spots on a screen which are projected by the image projection apparatus 
45 according to the third embodiment; 

Fig. 12 is a view showing distortion in the projection optical system according to the third embodiment; 

Fig. 13 is a conceptual view of a conventional shift optical system; 

Fig. 14 is a conceptual view of an oblique projection optical system; 

Fig. 15 is a view showing a conventional oblique projection optical system; 
50 Fig. 16 is a view showing a conventional oblique projection optical system; 

Fig. 17 is a conceptual view of an image projected by the projection optical system in Fig. 16 and a screen; 

Fig. 18 is a view showing the relationship between oblique projection and magnification; and 

Fig. 19 is a view for explaining coordinate systems for a projection optical system according to each embodiment 

of the present Invention. 



55 



[0021] Prior to a description of the embodiments of the present invention, the manner in which the constituent ele- 
ments of each embodiment are expressed and items common to all the embodiments will be described below. Fig. 19 
is a view for explaining a coordinate system for defining the constituent data of an optical system according to each 
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embodiment. 

[0022] Referring to Fig. 19, a first surface R1 is a refracting surface, a second surface R2 is a reflecting surface tilted 
with respect to the first surface R1 , third and fourth surfaces R3 and R4 are reflecting surfaces shifted and tilted with 
respect to the preceding surfaces, and a fifth surface R5 Is a refracting surface shifted and tilted with respect to the 
5 fourth surface R4. 

[0023] The first to fifth surfaces R1 to R5 are formed on one optica! element made of a medium such as glass or 
plastic material. Referring to Fig. 19, this optical element is a first optical element B1 . 

[0024] Referring to Fig. 19, the medium between an object surface (not shown) and the first surface R1 is air, the 
medium between the first surface R1 and the fifth surface R5 is a common medium, and the medium between the fifth 
10 surface R5 and a sixth surface R6 (not shown) is air 

[0025] The optical system of this embodiment is an off-axial optical system, and hence the respective surfaces con- 
stituting the optical system have no common optical axis. In this embodiment, therefore, an absolute coordinate system 
having the center of the first surface as the origin is set. 

[0026] The path of a ray (reference axis ray) passing through the center of the first surface which is the origin and 
15 the center of the final imaging plane is defined as a reference axis and indicated by the chain line in Fig. 19. The 
reference axis in this embodiment has a direction (orientation). This direction coincides with the direction in which a 
reference axis ray propagates at the time of Imaging. 

[0027] In this embodiment, a reference axis as a reference for an optical axis is set In the above manner. As a 
reference axis for an optica! system, however, an optimal axis may be detennined from the viewpoint of optical design, 
20 adjustment of aberration, or the manner in which the respective surface shapes constituting the optical system are 
expressed. In general, the path of a ray passing through the center of an image plane or object plane and the center 
of a stop, incident pupil, exit pupil, or the first surface of the optical system or the center of the final surface is set as 
a reference axis serving as a reference for the optical system. 

[0028] In this embodiment, the path of a ray (reference axis ray) that is refracted and reflected by the respective 
25 refracting and reflecting surfaces in the process of propagating from the center of the pupil of a projection optical system 

to the center of the final imaging plane (projected image) through the center of the first surface is set as a reference 

axis. The order of the respective surfaces is set to the order in which a reference optical ray is refracted and reflected. 

[0029] A reference optical ray therefore reaches the final Image plane while changing its direction in accordance 

with the laws of refraction and reflection in the set order of the respective surfaces. 
30 [0030] Basically, all the tilt surfaces constituting the optical system of this embodiment are tilted within the same 

plane. The respective axes of the absolute coordinate system are therefore defined as follows: 

Z-axis: a straight line passing through the origin and the center of the object surface, assuming that the direction 
from the object surface to the first surface R1 is the positive direction; 
35 Y-axis: a straight line passing through the origin and forming an angle of 90** counterclockwise with respect to the 

Z-axis within the tilt plane (the drawing surface of Fig. 1 9); and 

X-axis: a straight line that passes through the origin and is perpendicular to the Z- and Y-axes (a straight line 
perpendicular to the drawing surface of Fig. 19). 

40 [0031] The surface shape of the ith surface of the optical system can be recognized more easily by expressing the 
surface shape on a local coordinate system having an Intersection of a reference axis and the ith surface as the origin 
than by expressing the surface shape on an absolute coordinate system. For this reason, the surface shape of the ith 
surface is expressed on the local coordinate system. 

[0032] In addition, the tilt angle of the ith surface in the Y-Z plane is expressed by an angle ei (unit: degree) with a 
45 counterclockwise direction with respect to the Z-axis in the absolute coordinate system being defined as a positive 
direction. In this embodiment, the origins of the local coordinate systems for the respective surfaces exist in the Y-Z 
plane in Fig. 19. There is no surface decentehng within the X-Z and X-Y planes. 

[0033] The y- and z-axes of the local coordinate system (x, y, z) of the ith surface are inclined at the angle ei within 
the Y-Z plane with respect to the absolute coordinate system (X, Y, Z), and are specifically defined as follows: 

so 

z-axis: a straight line passing through the origin of the local coordinate system and forming the angle 01 counter- 
clockwise within the Y-Z plane in the 2 direction of the absolute coordinate system; 

y-axis: a straight line passing through the origin of the local coordinate system and forming an angle of 90® coun- 
terclockwise within the Y-Z plane in the z direction; and 
55 X-axis: a straight line which passes through the origin of the local coordinate system and is perpendicular to the 

Y-Z plane. 

[0034] Let Di be a scalar amount representing the distance between the ith surface and the origin of a local coordinate 
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system tor the (i+1)th surface, and Ndi and vdl be the refractive index and Abbe number of the mediunn between the 

ith surface and the (i+1)th surface, respectively. 

[0035] In this case, the shape of a spherical surface is expressed by 

,^ (x^+y^)/RI 

1 + {1 - (x^ + y^)/Ri^}^^ 

[0036] The optical system of this embodiment has at least one rotational asymmetrical aspherical surface. The shape 
10 of this surface is expressed by 

z = C02y^+C20x^-i-C03y^+C21x^y+C04y'^+C22x^y^-i-C40x^ 
,5 +C05y^+C23x^y^+C41x'^y+C06y^+C24x^y'*+C42x'^y^+C60x® 

[0037] Since the above curved surface expression includes only even-numbered order terms with respect to x, the 
curved surface defined by the above curved surface expression has a plane-symmetrical shape with only the y-z plane 
being a symmetrical surface. If the following condition is satisfied, the curved surface has a shape symmetrical with 
20 respect to the x-z plane: 

COS = C21 = t = 0 

25 [0038] In addition, if the following condition is satisfied, the curved surface has a rotational symmetrical shape. If the > 
following condition is not satisfied, the curved surface has a rotational asymmetrical shape: 

C02 = C20 C04 = C40 = C22/2 COS = C60 = C24/3 = C42/3 

30 

(First Embodiment) 

[0039] Fig. 1 shows an image projection apparatus according to the first embodiment of the present invention. Re- 
ferring to Fig. 1 , as a one-dimensional optical modulation unitT, a self-emission device which can modulate an emission . 
35 intensity of a light-emission diode, semiconductor laser, or the like can be used. Instead of such a self -emission device, 
a unit including a light valve using a dot matrix liquid crystal panel or mirror device and a lighting system for causing 
illumination light strike the light valve may be used. 

[0040] A projection optical system 1 is used to enlarge/project an image fonned by the optical modulation unit T onto 
a screen (projected surface) S. Fig. 2 shows the arrangement of this system in more detail. 
40 [0041] The projection optical system 1 includes a stop STOP and an optical scanning unit MM such as a galvano 
mirror or rotating polyhedral mirror. 

[0042] The length of the optical modulation unit T in the Y-axis direction is 8 mm. The screen S has an aspect ratio 
of 3 : 4 and a diagonal of 300 mm. 

[0043] The reference axis of the projection optical system 1 Is inclined at 45** with respect to the nonrnal to the screen 
45 s. The following are the constituent data of the projection optical system 1 used in this embodiment. 

Stop Diameter: 3.00 

[0044] 

50 
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0.00 


0.00 


0.00 
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0.00 


0.00 
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Optical 
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(continued) 
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29.00 
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Reflecting 
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-36.71 
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Reflecting 
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-259.77 
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Image plane 



Aspherical Surface Shape 
[0045] 
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C04=-7.69711 e-007 


C22=-1 .252389-007 


C40= 


5.43875e-007 




C05=-5.81133e-008 


C23=-4.47631e-008 


C41 = 


-3.75781 e-009 




C06=-9.18693e-010 


C24=2.47227e-010 
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-8.49058e-01 0 




C60=1.61412e-010 








Surface R4 


C02=-1.97978e-003 


C20=-2.18197e-003 








C03=>2.38121e-004 


C21 =-2.1 67806-004 








C04=5.16127e-006 


C22=7.94060e-006 
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C20=-1 .41520e-002 
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C23=1 .50746e-006 


C41 = 
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=3.80481 e-007 




C60=4.13581e-008 








Surface R6 


C02=-8.86201e-003 


C20=-1 .314049-002 








C03=2.11881e-006 


C21-7.70568e-005 








C04=-1.43952e-006 


C22=-3.53294e-006 
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=-1 .701956-006 




C05=3.50386e-008 


C23=4.72628e-008 
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=3.419519-009 




C06=-8.75791e-010 


C24=-1.91391e-009 


C42= 


=-2.10540e-010 




C60=-1.78168e-010 









[0046] Assume that the center of the screen S Is the origin, and a ray Is formed into an image on the center of screen 
at an angle of 0**. In this case, when the image height on the screen S in the y direction is -1 00%, -50%, 0%, 50%, and 
100%, the deflection angle of an optical scanning unit becomes 2.437, 1.286, 0, -1.35, and -2.753, respectively. The 
positive and negative signs of angles conform to the tilt angles of the reflecting surfaces. 

[0047] In this case, the positive and negative deflection angles of the optical scanning unit are asymmetrical. In this 
embodiment, since the reference axis of the optical system is inclined with respect to the screen S, the optical system 
inevitably exhibits asymmetrical characteristic in the vertical direction of the screen S. This asymmetrical optical char- 
acteristic is corrected by setting asymmetrical deflection angles on the positive and negative sides. 
[0048] Referring to Figs. 1 and 2, the projection optical system 1 is comprised of the stop STOP, the optical scanning 
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unit MM, and four reflecting surfaces, namely a concave mirror R1 , concave mirror R2, convex reflecting surface R3, 
and concave mirror R4, which are arranged in the order in which a ray from the optical modulation unit T passes 
therethrough. All the reflecting surfaces are symmetrical only with respect to the Y-Z plane. That Is, each reflecting 
surface is a rotational asymmetrical surface having one symmetrical surface. 

5 [0049] A light beam is formed into an intermediate image between the convex mirror R3 and the concave mirror R4, 
and a pupil image is formed near the concave mirror R4. Since a stop Image is formed into a real image by the optical 
system located closer to the screen than the stop, the effective ray diameter on each surface is suppressed small to 
achieve miniaturization of the respective optical elements and overall photographing optical system. 
[0050] The optical effects of this embodiment will be described next. Three color light beams» i.e., red, green, and 

10 blue light beams, modulated by the optical modulation unit T are combined on a single optical axis by a color combining 
optical system (not shown). The amount of combined tight is then limited by the stop STOP. 

[0051] In this case, as the color combining optical system, a dichroic prism, optical wedge, or the like can be used. 
[0052] The light beam reflected by the optical scanning unit MM is enlarged while sequentially being reflected by the 
four reflecting surfaces R1 to R4, and a one-dimensional image is displayed on the screen S. The optical scanning 
15 unit MM is swung/driven by a drive circuit DR to scan the reflected light, thereby displaying a two-dimensional image 
on the screen S. 

[0053] Fig. 3 shows the sizes of spots on the screen S. More specifically, Fig. 3 shows the spots at the positions 
obtained by dividing the Image height in the positive x direction by four into 0%, 33%, 67%, and 1 00% and also dividing 
the image height in the y direction by five into -100%, -50%, 0%, 50%, and 100%, i.e., 20 positions on the screen S, 

20 with the center of the screen S being the origin. Note that an illustration of spots in the negative x direction is omitted 
from Fig. 3 because this arrangement is symmetrica! with respect to the Y-Z plane of the screen. 
[0054] Fig. 4 shows the state of distortion in the projection optical system 1 according to this embodiment. As is 
obvious from Fig. 4, slight distortion is seen near an Image height of ±67%, but there is no large distortion as a whole, 
and only little asymmetrical distortion is seen. 

25 [0055] In this embodiment and each embodiment to be described later, letting e be the tilt angle of the reference axis 
with respect to the nornial to the projected surface, a be the azimuth representing a plane including the reference axis 
and the normal to the projected surface, and p(^) be the magnification at an azimuth ^® around the reference axis of 
this projection optical system, the following condition is preferably satisfied: 

30 » 

I 1 - P(a) / (p(a + 90'') cosG) 1 < 0.3 (1 ) 

[0056] In the projection optical system 1 used in this embodiment, when a light beam from the center of the optical 
modulation unit T is fornied into an image on the center of the screen S, focal lengths f 1 (0) and f 1 (90) at azimuths of 

35 0° and 90°, front-side principal points H1 (0) and H1 (90) with respect to the stop plane, and magnifications p1 (0) and 
p1 (90) at azimuths of 0° (scanning direction) and 90° (non-scanning direction) around the reference axis respectively 
become: 

f 1 (0) = -1 3.9276, f1 (90) = -11 .5646 



H1(0) = -37.2581, H1(90) = -35.2098 



pi (0) = f1 (0)/(f1 (0) - 24 - H1 (0)) = 20.8 



pi (90) = f1 (90) / (f 1 (90) - 24 - HI (90)) = 32.6 

50 

Therefore, 

I 1 - p1(0) / (pi (90) X cos(45«)) I = 0.098 < 0.3 (1) 

55 

(where 45° is the angle defined by the normal to the screen S and the reference axis.) 

[0057] Fig. 1 7 shows a portion corresponding to the screen S in Fig. 1 6. Fig. 1 7 shows a reference axis A, the inclined 
screen S, and a plane S' perpendicular to the reference axis A. The screen S and plane S' are inclined at the angle 0. 
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Basically, the image enlarged/projected by the projection optical system is fomied on the plane S'. 
[0058] As disclosed in Japanese Patent Application Laid-Open No. 9-5650, when an evaluation plane around the 
reference axis A is evaluated as the plane S* perpendicular to the reference axis, the paraxial quantities at the azimuth 
^ and azimuth ^+180** exhibit the same value. Therefore, the paraxial quantities indicated by Japanese Patent Appli- 
cation Laid-Open No. 9-5650 do not cause inciination of an image plane. That is, it can be interpreted that an image 
plane Inclines because of aberration of the same kind as curvature of field, I.e., aberration that causes a shift of a focal 
position with an increase in distance from the line of Intersection of the screen S and the plane S'. 
[0059] When such an interpretation is made, since it can be thought that a magnification py' on the plane S' as the 
evaluation plane in the y direction is a projection of a magnification Py on the screen S, the following relation must be 
satisfied to keep the aspect ratio on the screen S: 



15 



py = pyVcosG = px (see Fig. 18) 

BV / Bx~ cos G - (f(O)-ss' (0))/f(0) 
py / px ^ cos G - ^^^QQ^ _ gg.^QQ^^ ^ ^^QQ^ 



(2) 



20 



25 



where ss' (0) and ss' (90) are the distances from the principal position on the screen side of the projection optical 
system to the screen at azimuths of O*' and 90"", respectively. That is, satisfying expression (1) is the condition that 
keeps the aspect ratio of a two-dimensional projected image on the screen S. If the value in expression (1) exceeds 
0.3, the distortion increases, resulting in difficulty in correcting the aberration. 

[0060] In this embodiment, the rotational asymmetrical reflecting surface is used as an upper reflecting surface. As 
disclosed in Japanese Patent Application Laid-Open Nos. 8-292372, 9-222561, and 9-258105, however, an optical 
block having a rotational asymmetrical reflecting surface formed on the surface of a transparent member may be used. 
Alternatively, a plurality of rotational asymmetrical upper reflecting surfaces may be integrally molded. 
[0061] In this embodiment, the four rotational asymmetrical reflecting surfaces are used. However, the number of 
reflecting surfaces is not limited to four. In consideration of aberration correction, however, at least three reflecting 
surfaces are preferably used. In addition, each rotational asymmetrical reflecting surface is symmetrical with respect 
to a given plane. However, the present invention Is not limited to this. 

30 (Second Embodiment) 

[0062] Fig. 5 shows the arrangement of an image projection apparatus according to the second embodiment of the 
present invention. Referring to Fig. 5, as a one-dimensional optical modulation unit T, a self-emission device which 
can modulate an emission intensity of a light-emission diode, semiconductor laser, or the like can be used. Instead of 
such a self-emission device, a unit including a light valve using a dot matrix liquid crystal panel or mirror device and a 
lighting system for causing illumination light strike the light valve may be used. 

[0063] A projection optical system 2 is used to enlarge/project an image fomned by the optical modulation unit T onto 
a screen (projected surface) S. Fig. 6 shows the arrangement of this system in more detail. 

[0064] The projection optical system 2 includes a refractive lens group LG and an optical scanning unit MM such as 
a galvano mirror or rotating polyhedral mirror, which also serves as a stop. 

[0065] The length of the optical modulation unit T in the Y-axis direction is 2.7 mm. The screen S has an aspect ratio 
of 4 : 3 and a diagonal of 50 mm. 

[0066] The reference axis of the projection optical system 2 is inclined at 60° with respect to the normal to the screen 
S. The following are the constituent data of the projection optical system 2 used in this embodiment. 
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[0070] Assume that the center of the screen S is the origin and a ray is formed into an image on the center of screen 
at an angle of 0*^. In this case, when the image height on the screen S in the y direction is -100%, -67%, -33%, 0%, 
33%, 67%, and 100%, the deflection angle of the optical scanning unit l\/IM becomes 7, 4.67, 2.33, 0, -2.33, -4.67: and 
-7, respectively. The positive and negative signs of angles confomn to the tilt angles of the reflecting surfaces. 
[0071] in this case, the deflection angle of the optical scanning unit MM exhibits proportionality on the screen S in 
the y direction. That is, this unit has an f-e lens characteristic in the y direction. 

[0072] In the x direction, this unit tornis a one-dimensional image, and hence has an f-tanO characteristic which is a 
general camera lens characteristic. 

[0073] That is, the projection optical system 2 of this embodiment needs to have different characteristics in the y and 
X directions. A general coaxial rotational symmetrical optical system cannot have such characteristics, but an off-axial 
optical system can easily have such characteristics. 

[0074] Referring to Figs. 5 and 6, the projection optical system 2 is comprised of the rotational symmetrical refractive 
lens group LG, the optical scanning unit MM which also serves as a stop, and four reflecting surfaces, namely a concave 
mirror or reflecting surface R1 , concave mirror or reflecting surface R2, concave mirror or reflecting surface R3, and 
concave mirror or reflecting surface R4, which are arranged in the order in which a ray from the optical modulation unit 
T passes therethrough. All the reflecting surfaces are symmetrical only with respect to the Y-Z plane. That Is, each 
reflecting surface is a rotational asymmetrical surface. A light beam is fonned into an intermediate image between the 
concave mirror R1 and the concave mirror R2, and a pupil image is formed near the concave min-or R3. 
[0075] The optical effects of this embodiment will be described next. Three color light beams, i.e., red, green, and 
blue light beams, modulated by the optical modulation unit T are combined on a single optical axis by a colorcombining 
optical system (not shown). As the color combining optical system, a dichroic prism, optical wedge, or the like can be 
used. 

[0076] The color-combined light passes through the rotational symmetrical refractive lens group LG and is reflected 
by the optical scanning unit MM. This light is sequentially reflected and enlarged by the four reflecting surfaces R1 to 
R4. As a consequence, a one-dimensional image is displayed on the screen S. Scanning is then perfomned by the 
optical scanning unit MM which is swung/driven by the drive circuit DR to display a two-dimensional image on the 
screen 8. 

[0077] Fig. 7 shows the sizes of spots on the screen S. More specifically, Fig. 7 shows the spots at the positions 
obtained by dividing the image height in the positive x direction by four into 0%, 33%, 67%, and 1 00% and also dividing 
the image height in the y direction by five into -100%, -50%, 0%, 50%, and 100%, i.e., 20 positions on the screen S, 
with the center of the screen S being the origin. Note that an illustration of spots in the negative x direction is omitted 
from Fig. 7 because this arrangement is symmetrica! with respect to the Y-Z plane of the screen. 
[0078] Fig. 8 shows the state of distortion in the projection optical system 2 according to this embodiment. As is 
obvious from Fig. 8, slight distortion is seen near image heights of -1 00% and 100% in the y direction, image heights 
of 33% to -33% in the x direction, and an image height of 50% in the y direction, but there is no large distortion as a 
whole, and only little asymmetrical distortion is seen. 

[0079] In the projection optical system 2 used In this embodiment, when a light beam from the center of the optical 
modulation unit T is formed into an image on the center of the screen S, focal lengths f2(0) and f2(90) at azimuths of 
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0® and 90**, front-side principal points H2(0) and H2(90) with respect to the stop plane, and magnifications P2(0) and 
p2(90) at azimuths of 0** (scanning direction) and 90° (non-scanning direction) around the reference axis respectively 
become: 

f2(0) = -6.33205, f2(90) = -3.79933 
H2(0) = -1 1 .4305, H2(90) = -9.49355 
p2(0) = f2(0)/(f2(0) - 5.985 - H2(0)) = 7.14 
|i2(90) = f2(90)/(f2(90) - 6.985 - H2(90)) = 13.07 

Therefore, 

1 - p2(0)/O2(90) X cos(60'^)) I = 0.093 < 0.3 (1) 



(where 60° is the angle defined by the normal to the screen S and the reference axis.) 

[0080] In this manner, since the value of expression (1) is smaller than 0.3, the aspect ratio of a two-dimensional 
projected image on the screen S is maintained. 
25 [0081] In this embodiment as well, the rotational asymmetrical reflecting surface is used as an upper reflecting sur- 
face. However, an optical block having a rotational asymmetrical reflecting surface formed on the surface of a trans- 
parent member may be used. Alternatively, a plurality of rotational asymmetrical upper reflecting surfaces may be 
integrally molded. 

[0082] In this embodiment, the four rotational asymmetrical reflecting surfaces are used. However, the number of 

30 reflecting surfaces Is not limited to four. In consideration of aberration correction, however, at least three reflecting 
surfaces are preferably used. In addition, each rotational asymmetrical reflecting surface is symmetrical with respect 
to a given plane. However, the present invention is not limited to this. 

[0083] The projection optical system 2 in this embodiment has an f-e lens characteristic in the scanning direction of 
the optical scanning unit MM. However, this system may have other characteristics. If the optical scanning unit can be 
35 swung at a constant angular velocity, it suffices if the unit has an f-G lens characteristic in the scanning direction of the 
projection optical system. If, however, the optical scanning unit scans while causing sine-wave vibration, the unit needs 
to have an arc sine lens characteristic in the scanning direction of the projection optical system. In addition, angle 
changes of sine-wave vibrations of the optical scanning unit excluding small peak values may be used for optical 
scanning. 



(Third Embodiment) 



[0084] Fig. 9 shows the arrangement of an image projection apparatus according to the third embodiment of the 
present invention. Referring to Fig. 9, as an optical modulation unit T having a point light source, a selt-emlsslon device 
45 which can modulate an emission intensity of a light-emission diode, semiconductor laser, or the like can be used. 
Instead of such a self-emission device, a unit including a light valve using a dot matrix liquid crystal panel or mirror 
device and a lighting system for causing illumination light strike the light valve may be used. 

[0085] A projection optical system 3 Is used to enlarge/project an image fomned by the optical modulation unit T onto 
a screen (projected surface) S. Fig. 10 shows the arrangement of this system in more detail. 

50 [0086] The projection optical system 3 includes a refractive lens group LG and an optical scanning unit MM such as 
a galvano mirror or rotating polyhedral mirror, which also serves as a stop, in addition, the scanning direction of the 
optical scanning unit MM Includes two orthogonal directions. This optical system includes a plane mirror M. 
[0087] The screen S has an aspect ratio of 4 : 3 and a diagonal of 50 mm. The reference axis of the projection optical 
system 3 Is inclined at 60* with respect to the nomnal to the screen S. The following are the constituent data of the 

55 projection optical system 3 used In this embodiment. 
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[0091 1 Assume that the center of the screen S is the origin and a ray is formed into an image on the center of screen 
at an angle of 0°. In this case, when the image height on the screen S In the y direction is -1 00%, -50%, 0%, 50%, and 
1 00%, deflection angle of the optical scanning unit MM becom9s 5.33. 2.66, 0, -2.63, and -5.08, respectively. Likewise, 
assume that a ray is formed into an Image on the center of screen at an angle of 0**. In this case, when the image 
height on the screen S in the x direction is 0%, 33%, 67%, and 100%, deflection angle of the optical scanning unit MM 
becomes 0, -2.05. -4.1 . 2. and -6.21 , respectively. The positive and negative signs of angles conform to the tilt angles 
of the reflecting surfaces. 

[0092] Referring to Figs. 9 and ^O^he projection optical system 3 is comprised of the rotational symmetrical refractive 
lens group LG. the optical scanning unit MM which also serves as a stop, three reflecting surfaces, namely a concave 
mirror or reflecting surface Rl , concave mirror or reflecting surface R2, and concave mirror or reflecting surface R3, 
and a return mirror which are arranged in the order in which a ray from the optical modulation unit T passes there- 
through. All the reflecting surfaces are symmetrical only with respect to the Y-Z plane. That Is, each reflecting surface 
is a rotational asymmetrical surface. A light beam is formed into an intermediate image between the concave mirror 
R1 and the concave mirror R2, and a pupil image is fomied n9ar the concave mirror R3. 

[0093] The optical effects of this embodiment will be described next. Three color light beams, i.e., red, green, and 
blue light beams, modulated by the optical modulation unitT are combined on a single optical axis by a color combining 
optical system (not shown). As the color combining optical system, a dichroic prism, optical wedge, or the like can be 
used. 

[0094] The color-combined light passes through the rotational symmetrical refractive lens group LG and is reflected 
by the optical scanning unit MM. This light Is sequentially reflected by the three reflecting surfaces Rl to R3 to form a 
point image on the screen S. When the optical scanning unit MM Is scanned In two directions by the drive circuit DR, 
a two-dimensional image is displayed on the screen S. 

[0095] Fig. 11 shows the sizes of spots on the screen S. More specifically, Fig. 11 shows the spots at the positions 
obtained by dividing the image height in the positive x direction by four into 0%, 33%, 67%, and 1 00% and also dividing 
the Image height In the y direction by five Into -100%, -50%, 0%, 50%, and 100%, i.e., 20 positions on the screen S, 
with the center of the screen S being the origin. Note that an illustration of spots in the negative x direction Is omitted 
from Fig. 11 because this arrangement is symmetrical with respect to the Y-Z plane of the screen. 
[0096] Fig. 12 shows the state of distortion in the projection optical system 3 according to this embodiment. As is 
obvious from Fig. 12, slight distortion is seen near Image heights of -100% and 100% In the x direction and image 
heights of 0% to 1 00% in the y direction, but there is no large distortion as a whole, and only little asymmetrical distortion 
is seen. 

[0097] In the projection optical system 3 used in this embodiment, when a light beam from the center of the optical 
modulation unit T Is formed Into an Image on the center of the screen S, focal lengths f3(0) and f3(90) at azimuths of 
0** and 90**, front-side principal points H3(0) and H3(90) with respect to the stop plane, and magnifications p3(0) and 
p3(90) at azimuths of 0'» (scanning direction) and 90** (non-scanning direction) around the reference axis respectively 
become: 
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f3(0) = -5.25468, f3(90) = -3.54649 



H3(0) = -1 1 .7153, H3(90) = -1 0.313 



p3(0) = f3(0)/(f3(0) ' 6.996 - H3(0)) = 9.81 
p3(90) = f3(90)/(f3(90) - 6.996 - H3(90)) = 15.45 

Therefore, 

I 1 - p3(0)/(p3(90) X cos{60°)) I = 0.27 < 0.3 (1) 
(where 60** Is the angle defined by the nornna! to the screen S and the reference axis.) 

[0098] In this manner, since the value of expression (1) is smaller than 0.3, the aspect ratio of a two-dimensional 
projected image on the screen S is maintained. 

[0099] The reason why the value of expression (1 ) is considerably large as compared with the other embodiments 
described above Is that the deflection angles of the optical scanning unit MM in the two directions are asymmetrical to 

correct aberrations such as distortion. 

[0100] In this embodiment as well, the rotational asymmetrical reflecting surface is used as an upper reflecting sur- 
face. However, an optical block having a rotational asymmetrical reflecting surface form on the surface of a transparent 
member may be used. Alternatively, a plurality of rotational asymmetrical upper reflecting surfaces may be integrally 
molded. 

[0101] In this embodiment, the three rotational asymmetrical reflecting surfaces are used. However, the number of 
reflecting surfaces is not limited to four. In consideration of aberration correction, however, at least three reflecting 
surfaces are preferably used. In addition, each rotational asymmetrical reflecting surface is symmetrica! with respect 
to a given plane. However, the present invention is not limited to this. 

[0102] Each embodiment described above has exemplified the projection optical system in which the optical modu- 
lation unit T is placed on the near conjugate plane, and an image on the conjugate plane is enlarged and projected on 
the screen S serving as the far conjugate plane.. However, the present invention may be applied to an image pickup 
optical system such as a visual presenter which picks up a two-dimensional object placed on the far conjugate plane 
by using an Image pickup element (photoelectric conversion element) such as a CCD or CMOS placed on the near 
conjugate plane. 

[0103] In this case, by satisfying expression (1 ), the aspect ratio of the pickup image can be maintained properly 
[0104] As has been described above, according to each embodiment, by setting the focal distances, magnifications, 
and the like around the reference axis to proper values, even an oblique projection optical system can be obtained, 
which attains a reduction in size and suppresses distortion (mainly trapezoidal distortion). 

[0105] By using an off-axial optical system having rotational asymmetrical surfaces as cun^ed reflecting surfaces, in 
particular, characteristics that are asymmetrical with respect to an optical axis can be easily be obtained. This allows 
the optical system to have the same f -tane characteristic as that of a general camera lens in the non-scanning direction 
of the optical scanning means and have the characteristic of an f-e lens, arc sine lens, or the like in the scanning 
direction In accordance with the optical scanning means. This makes it possible to effectively correct distortion. 



Claims 

1 . A projection optical system which projects an image on a projected surface, characterized by comprising: 
an optical modulation unit which outputs modulated light for displaying an image; 

an optical scanning unit on which the modulated light output from said optical modulation unit is incident, said 
optical scanning unit scanning the light from said optical modulation unit to obtain a two-dimensional image; and 
a plurality of curved reflecting surfaces on which the light scanned by said optical scanning means is sequen- 
tially incident, said plurality of cun/ed reflecting surfaces sequentially reflecting the light scanned by said optical 
scanning means and projecting the light on the projected surface, 
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wherein when an optical path of a ray connecting a center of a pupil of said projection optical system and a 
center of a projected Image is set as a reference axis, the reference axis is inclined with respect to a nonnal to the 
projected surface. 

5 2. A systenn according to claim 1 , wherein said curved reflecting surface is a rotational asymmetrical surface. 

3. A system according to claim 1 , wherein said optical modulation unit is a light-emitting element which can modulate 
an emission intensity. 



10 4. A system according to claim 1 , wherein said optical modulation unit includes a lighting part which emits illumination 
light and a modulation element which modulates the illumination light from the lighting part. 



15 



A system according to claim 1 , wherein said projection optical system forms light from said optical modulation unit 
into an intermediate image at least once within an optical path. 



6. A system according to claim 1 , wherein 

the reference axis Is Inclined in a predetemnined direction with respect to the normal to the projected surface, 

and 

said optical scanning unit scans light from said optical modulation unit such that deflection angles become 
20 asymmetrical with respect to the predetenmined direction. 

7. A system according to claim 1 , wherein letting 6 be a tilt angle of the reference axis with respect to the normal to 
the projected surface, a be an azimuth representing a plane including the reference axis and the normal to the 
projected surface, and p(^) be a magnification at an azimuth around the reference axis of said projection optical 

25 system, a condition given by 

I 1 - P(a)/(p(a + 90°)cosG) I < 0.3 

30 is satisfied. 

8. A system according to claim 1 , wherein said optical scanning unit scans light from said optical modulation unit in 
a one-dimensional direction. 

35 9. A system according to claim 1 , wherein said optical scanning unit scans light from said optical modulation unit in 
a two-dimensional direction. 



10. An optical system which makes two planes at different distances have a conjugate relationship, characterized by 
comprising: 

40 

a curved reflecting surface which reflects light that Is scanned on an Image area, which extends in a prede- 
temnined direction, in a direction perpendicular to the predetemnined direction to become a two-dimensional 
image, 

45 wherein said optical system has an f-tan0 characteristic in the predetermined direction as a whole, and also 

has an f-e lens characteristic or arc sine lens characteristic in a direction perpendicular to the predetermined 
direction. 



11. A system according to claim 10, wherein said curved reflecting surface is a rotational asymmetrical surface. 

12. A system according to claim 10, wherein when an optical path of a ray connecting a center of a near conjugate 
plane of the two conjugate planes which corresponds to the image area extending in the predetermined direction 
and a center of a pupil of said optical system is set as a reference axis, the reference axis is inclined with respect 
to a normal to the far conjugate plane. 

13. A system according to claim 1 0: wherein letting 6 be a tilt angle of the reference axis with respect to the normal to 
the far conjugate plane, a be an azimuth representing a plane including the reference axis and the normal to the 
far conjugate plane, and p(^) be a magnification on an enlargement side at an azimuth around the reference 
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axis of said projection optical system, a condition given by 

II - p(a)/(p(a + 90")cose) I < 0.3 

5 

is satisfied. 

14. An image projection appariatus comprising said projection optical system defined in claims 1 to 9. 
10 15. An optical device comprising said optical system defined in claims 10 to 13. 
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